Abstract. The magnetotail of the induced magnetosphere of Venus is investigated through the magnetic field and plasma data of Venus Express. A comparison is made between two neutral sheet crossings. One crossing shows the magnetic field is rather quiet and the plasma instrument indicates a change from energetic (few 100 eV) to low energy (few 10 eV) ions. The other crossing shows more dynamics in the magnetic field, including signatures that are interpreted as characteristic of a reconnection site, and the plasma instrument indicates ions that are energized to 1500 to 2000 eV, in the same magnetospheric region where in the first crossing only low energy ions showed up.
Introduction
The field of physics of planetary magnetotails has expanded greatly with the various missions around the Earth and other planets. Many phenomena, like e.g. substorms, in which possible reconnection reconfigures the topology of the magnetic field in the tail, (for a review see, e.g., Baker et al., 1996) are not only taking place in the Earth's tail. Various observations have shown that a similar process may be taking place, not only at magnetized planets like Jupiter (Kronberg et al., 2005 (Kronberg et al., , 2008 Ge et al., 2007) and Saturn (Mitchell et al., 2005; Jackman et al., 2007; Russell et al., 2008 ) and a possible indication at Mercury (Fujimoto et al., 2007) , but also at unmagnetized planets like Mars (Eastwood et al., 2008) , at comets Vourlidas et al., 2007) and Titan where the solar wind magnetic
Correspondence to: M. Volwerk (martin.volwerk@oeaw.ac.at) field drapes around the object, creating a so-called induced magnetosphere and tail. Recently, Fedorov et al. (2008) discussed the similarities between the magnetotails of Venus and Mars, using Mars Express and Venus Express plasma data.
However, reconnection is not the only process which can reconfigure the magnetotail. In addition, current disruption and the ballooning instability (for a discussion of the distinction between these three processes see e.g. Haerendel, 1992; Parker, 1996; Lui, 2000; Baumjohann et al., 2007) and associated processes before and after their onset in the Earth's magnetotail re-arrange the magnetic configuration of the tail. In this paper, however, we will concentrate on the reconnection process, for which we think the data show most evidence.
In this paper, we will investigate the crossing of the induced magnetotail of Venus by Venus Express (VEX). During the orbits in summer 2006, the spacecraft passed through the magnetotail from the ecliptic south to the north, heading towards periapsis above Venus's north pole. Venus does not have an intrinsic magnetic field, however, the magnetic field of the solar wind interacts with this planet to create an induced magnetosphere. Similar to the Earth, there is a bow shock, a magnetosheath and a magnetopause/ionopause (see, e.g., Zhang et al., 2007 .
The draping of the magnetic field creates a magnetotail on the downstream side of the planet (see e.g. Phillips and McComas, 1991) . In the near-Venus magnetotail, i.e. at distances less than ∼ 4R V (R V is Venus's radius, 6051.8 km), where VEX crosses through the tail, there is little information about the structure of the magnetic field. Murabashi et al. (1985) showed that there can be converging of the magnetic field in the near-tail, based on a study of PVO magnetic field data. Russell et al. (1981) found that the magnetotail has an enhanced magnetic field strength, compared with the magnetosheath, and that the direction of the field is basically aligned with the solar wind direction. The tail-lobe field was found to be ∼ 83% stronger than in the magnetosheath. The authors also showed that the crossing from the magnetosheath to the tail lobe was characterized by a change in the wave spectrum. Indeed, Vörös et al. (2008a,b) found that the turbulence characteristics change when the spacecraft moves from the magnetosheath, to the (extended) wake region, into the planetary shadow. In this paper we will discuss the data for two different magnetotail crossings, the first crossing shows some activity in the tail with VEX moving from the tail to the nearVenus magnetosphere, showing a significant jump in ion energy from high to low and a change of flow direction from tailward to azimuthal after crossing the neutral sheet; the second crossing also shows some magnetic activity in the tail, however it first shows an increase in ion energy after the crossing of the neutral sheet which could be interpreted as evidence for reconnection. We use data from both the magnetometer MAG (Zhang et al., 2006) and the plasma instrument ASPERA-4 (Barabash et al., 2007a) . Unfortunately, we are not able to provide plasma moments in this paper, only spectra. Energy spectra are obtained every 24 s for one of 8 elevation angles of the detector and either summed over all 16 azimuthal channels for a summary view, or all azimuthal directions are viewed separately (both kinds of spectra will be shown in this paper).
Throughout the paper we use the Venus Solar Orbital (VSO) coordinate system, which is centred on Venus with the X-axis is in the direction to the Sun, the Y-axis in the opposite direction of Venus's orbital motion and the Z-axis is perpendicular and positive towards the ecliptic north. The solar wind conditions during this event change slightly in the period before entering and after exiting the bow shock, see Table 1 . The magnetic field magnitude of the solar wind was above average at B m ≈ 13 nT, where the average value B m ≈ 8 nT for solar minimum was found from VEX data. The previous day, 14 August, after 23:00 UT the solar wind had approximately double the average magnetic field strength, which will lead to a stronger field in the induced magnetosphere. The field reduced again to almost average before VEX entered through the bow shock at ∼00:16 UT. B y changed significantly in the last hours of 14 August, from negative to positive.
The magnetometer data in Fig. 1 (middle panels) show that during the neutral sheet (current sheet) crossing in the interval, ∼01:47:50-∼01:48:46 UT, the magnetic field is almost exclusively in the X VSO -direction and changes from B x ≈ −27 nT to B x ≈ 27 nT. Indeed, Minimum Variance Analysis (MVA, Sonnerup and Scheible, 1998) of the current sheet crossing reveals eigenvalues [4, 18, 662] with eigenvectors (0, 0.3, 0.9), (0, 0.9, −0.3) and (−1, 0, 0), indicating a well determined system and a current sheet normal, determined by the minimum variance direction, only slightly tilted from Z VSO .
The plasma data are shown in Fig. 1 top panels. There is a ∼ 3 min cadence in the data, which is caused by the data sampling method as explained above in the introduction. It is seen that before the crossing of the neutral sheet the ions have maximum intensity at a few 100 eV, whereas after the crossing the maximum intensity is at a few 10 eV, indicating that the spacecraft has entered a different region in Venus's induced magnetosphere, e.g. a region of closed field lines around the planet. The draped magnetic field lines are moved along with the solar wind, also in the "outflow region" of the magnetosheath. The average solar wind velocity at solar minimum is v sw ≈ 410 km/s (see e.g. Luhmann et al., 1997) , which, for protons corresponds to an energy of E = 0.5m p v 2 sw ≈ 870 eV, which is above the observed energy of the observed protons at ∼ 100 eV (except for the first peak near 01:31 UT). We suggest, therefore, that the plasma instrument is observing slowed down solar wind ions before the crossing of the neutral sheet. Indeed, the maxima in the ion counts appear in the azimuthal channels of ASPERA that are viewing in the sunward direction, as shown in Table 2 . These signatures are in agreement with the ion outflow measured by Barabash et al. (2007b) .
For three consecutive maxima in the count rate by AS-PERA (at ∼01:45, ∼01:48, and ∼01:51 UT), we have studied the relationship between viewing direction, solar direction and magnetic field direction. The first maximum occurs when VEX is in the tail near the neutral sheet. It is found that the viewing direction for maximum counts is at an angle of ≤ 40 • from the solar direction, but does not seem to have a specifically defined angle with the magnetic field.
As the spacecraft crosses the current sheet during the second maximum at 01:48 UT, the situation is not much different. However, when ASPERA starts measuring the lowenergy ions at 01:51 UT, the direction has turned to almost perpendicular to the solar direction and perpendicular to the magnetic field. The protons show an energy signature of ∼20 eV, which would translate to a flow velocity of ∼10 km/s, indicating a slow flow, possibly around the planet, closer to Venus. This would fit the model by Brace and Kliore (1991) with slow flow in an extended ionosphere on the night side of Venus.
Although the purpose of the paper is to investigate the difference between a current sheet crossing without and with apparent reconnection, we also have to look at what happened before the current sheet crossing, during the time interval 01:35-01:45 UT, where the magnetometer measures an approaching of the neutral sheet and even a slight crossing of it at the time of the first vertical dashed line in Fig. 1 marked with an asterisk at the bottom. There are two "dips" into the centre of the magnetotail (or into the central current sheet) for which B x recovers (first dip) to almost the starting value and recovers to approximately half the starting value (second dip). Just before the current sheet crossing discussed above, the magnetic field almost recovers to its value at the start of this event. We will go through this interval dip-by-dip.
For the first dip at ∼01:37 UT the signature in the magnetic field shows an increase in B z and B y and a slight decrease in B x , which can be interpreted as a dipolarization of the field. At ∼01:40 UT the B x has returned to almost its old value, as have the other components. Concentrating on the region between the two red lines in Fig. 2 we observe a bipolar structure in B y , a monotonic decrease in B z and an increase and decrease in B x , with the maximum negative value in B x occurring as the other two components cross zero. This gives the impression of a flux rope with a guide field (see, e.g., Henderson et al., 2006) in the X-direction, which is rather unusual in the Earth's magnetotail. Because of the fluctuations on the signal, minimum variance analysis does not produce a very well defined base (eigen values 20, 30 and 80), however it does show an increase and decrease in field strength in the minimum variance direction (X), a bipolar signature in the intermediate variance direction (Z) and a rotation in the maximum variance direction (Y ). With the bipolar structure in B y this means that the flux rope is moving in the Zdirection. Unfortunately, with just this one crossing, we cannot deduce whether this flux tube originates from the solar wind or from the tail magnetic field. The plasma data for this interval show proton peak intensities near 300 eV (corresponding to a velocity of v p ≈ 240 km/s compared with a solar wind velocity of ∼ 410 km/s) similar to the next three signals in the ASPERA data. The maximum count rate is observed in θ1 from the (0.96, 0.05, −0.29) viewing direction, which is almost similar to the minimum variance direction of the flux tube (0.94, 0.14, −0.29), indicating that the ions are flowing along the guide field of the flux tube.
The second dip interval, between the two blue lines in Fig. 2 is different: B x decreases in strength until it crosses the "neutral sheet" and enters into the other tail hemisphere, with low frequency oscillations of the field (large oscillations at ∼ 40 s and small amplitude waves at ∼ 5 s) superimposed onto the field in the separate components and in the field magnitude B m . These look like compressional waves near the neutral sheet, as observed by Volwerk et al. (2003 Volwerk et al. ( , 2004 in the Earth's magnetotail. Most likely, Venus's magnetotail is flapping, moving the spacecraft towards the neutral sheet and then back out again, which could also explain the motion of the flux tube in the Z-direction mentioned above. 
Event 2: 22 August 2006 -a substorm event
One of the characteristic (chain of) processes in a magnetotail is a substorm, which reconfigures the magnetic topology of the tail. One of the primary signs of a substorm is a dipolarization of the magnetic field, i.e., a turning of the stretched tail like magnetic field into a more dipolar like configuration (see, e.g., Baumjohann et al., 1999) . These substorms are also characterized by plasma flows and particle energization (see, e.g., Imada et al., 2005 Imada et al., , 2007 .
On 22 August 2006, VEX crossed Venus's magnetotail during the inbound part of the orbit. The magnetic field and plasma data, and the location of the spacecraft are shown Fig. 3 . VEX entered the tail from the south, and first VEX-MAG measures a positive B x , this in contrast to Event 1 and indicates that the solar wind magnetic field direction now is pointed southward.
At ∼ 02 : 02 UT there is an dipolarization of the magnetic field, indicated by an increase of B z combined with a decrease of B x . However, there is also a signature in B y related to this dipolarization, and thus it is possible that the induced magnetotail does not have its current sheet in the XY-plane. Therefore, we transform the data in the interval 02:03-02:09 UT into a minimum variance coordinate system (Sonnerup and Scheible, 1998) . The eigenvalues are [3, 18, 121] with eigenvectors (−0.03, −0.93, 0.36), (0.17, −0.36, −0.92) and (0.98, 0.03, 0.17) with respect to the VSO coordinate system. The ratio of the minimum and intermediate eigenvalue is small, however, using nested MVA analyses (see, e.g., Volwerk, 2006) and shifting the interval slightly shows a consistent direction of the eigenvectors. The minimum variance direction shows that the normal of the current sheet, described by the eigen vector belonging to the minimum eigen value, is basically along the Y-direction. The result of the transformation into the minimum variance coordinate system can be seen in Fig. 4 , where the magnetic field is displayed in B MIN , B MED and B MAX components and the total magnetic field B m .
A dipolarization of the magnetic field now shows itself as a rotation from the maximum into the minimum variance direction, marked by the first red vertical line in Fig. 4 . This is what is observed just after 02:02 UT. As mentioned, these dipolarizations are usually accompanied by plasma flows. In  Fig. 4 , the ASPERA data are also shown; θ1 through θ6 of the 16 different viewing directions of the detector, which have maximum count rates. For these six viewing directions the time-energy spectra of the detector counts are shown. The maximum count rate is in θ 3 at ∼200 eV, which has a viewing direction (at this time) of (0.69, 0.71, 0.16).
The intermediate direction, basically along the Zdirection, shows that the field is varying around B MED ≈ −5 nT during the interval of 02:00-02:09 UT. This indicates a shear magnetic field (or guide field) along the cross tail current, which is not unusual in e.g. the Earth's magnetotail (see, e.g., Petrukovich et al., 2005) . After the initial dipolarization there is an increase in B MED from ∼ −5 to ∼ −12 nT, and VEX starts crossing the current sheet near ∼ 02 : 03 UT (coloured in green in Fig. 4) . The increased B MED can be interpreted as Hall magnetic field created by reconnection in the tail (see e.g., Sonnerup, 1979; (see also bottom panel of Fig. 4) . As VEX crosses B MAX ≈ 0 nT, there are high count rates in the ASPERA data with maximum at θ3, whose viewing directions of ASPERA are listed in Table 3 . The table shows that the ions are moving tailward, at an angle of 65-70 • with respect to the magnetic field. This is what would be expected for the outflow region of a reconnection site. Indeed, the ions have a higher energy than those measured before the event at e.g. ∼01:45-01:55 UT. As the spacecraft crosses the current sheet again at ∼02:04 UT there is no signature of increased ion count rates. At the start of this crossing there is a decrease of B MED , which returns again to its previous value. Just after 02:04 UT, at the second vertical red line in Fig. 4 there is again a crossing of the current sheet (coloured blue), however, in this case there is a simultaneous turning of the B MED component, which is what one would expect when the spacecraft crosses the reconnection site from one side to the other. Again, during this interval there are no increased ion count rates in the ASPERA data.
First one minute later, there are increased count rates at rather elevated energies of the ions in the red box with arrows in Fig. 4 . At this time the B MED component only varies slightly around the average value of −5 nT (the value of the assumed shear field in the tail) and thus a Hall magnetic field is not present anymore, indicating that reconnection either has stopped or the spacecraft has moved too far from the site. The energized ions that are observed are, again, moving tailward (see Table 3 ). The energy of the ions is much higher than before the dipolarization, now at 1500 to 2000 eV and they move at a small angle with the magnetic field.
The question to answer now is where these energized ions come from. If there is reconnection of draped field, then the process creates closed loops around the planet. VEX is at X VSO ≈ −2R V , and approximating the closed field line by a circle of ∼ 2.5R V diameter, one finds that the ions would take approximately 90 s to go around (at 1500 eV the proton velocity is 530 km/s). Another process sending the ions back tailward, after being accelerated planetward is through magnetic mirroring, as the magnetic field strength will increase when the particles get closer to Venus and try to move around it (see, e.g., Zhang et al., 2008a) . The latter option is preferable considering the rather large angle between the ions and the magnetic field.
After this, the plasma energy spectra show low energy particles again as VEX nears periapsis, similar to event 1.
Conclusions
In this paper we studied two Venus magnetotail crossings by the Venus Express spacecraft. Both crossings showed activity in Venus's magnetotail, but very different from each other. The main purpose of this paper was to search for evidence of possible substorm or reconnection activity in Venus's induced magnetotail. We have shown that in a rather fast crossing from the southern to the Northern Hemisphere, in Event 1, the plasma population changed from moderately energetic (few 100 eV) to very low energy ions (few 10 eV). On the other hand, in Event 2, there were magnetic signatures which indicate that VEX was near a reconnection site and close by energized ions were measured by the plasma instrument. Although the energized ions moved in the tailward direction, as opposed to the expected planetward direction, we still interpret this as a reconnection event. The ions are not measured at the reconnection site, but slightly later, when VEX has already moved away, and the opposite direction can be created by the mirroring of the ions near the planet.
